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Impact of Protostellar Outflow on Star Formation: Effects of
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ABSTRACT
Star formation efficiency controlled by the protostellar outflow in a single
cloud core is investigated by three-dimensional resistive MHD simulations. Start-
ing from the prestellar cloud core, the star formation process is calculated until
the end of the main accretion phase. In the calculations, the mass of the prestel-
lar cloud is parameterized. During the star formation, the protostellar outflow
is driven by the circumstellar disk. The outflow extends also in the transverse
direction until its width becomes comparable to the initial cloud scale, and thus,
the outflow has a wide opening angle of ∼> 40
◦. As a result, the protostellar
outflow sweeps up a large fraction of the infalling material and ejects it into the
interstellar space. The outflow can eject at most over half of the host cloud mass,
significantly decreasing star formation efficiency. The outflow power is stronger
in clouds with a greater initial mass. Thus, the protostellar outflow effectively
suppresses star formation efficiency in a massive cloud. The outflow weakens sig-
nificantly and disappears in several free-fall timescales of the initial cloud after
the cloud begins to collapse. The natal prestellar core influences the lifetime and
size of the outflow. At the end of the main accretion phase, a massive circum-
stellar disk comparable in mass to the protostar remains. Calculations show that
typically, ∼ 30% of the initial cloud mass is converted into the protostar and
∼ 20% remains in the circumstellar disk, while ∼ 40% is ejected into the inter-
stellar space by the protostellar outflow. Therefore, a single cloud core typically
has a star formation efficiency of 30− 50%.
Subject headings: accretion, accretion disks—ISM: jets and outflows, magnetic
fields—stars: formation——stars: low-mass, brown dwarfs
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1. Introduction
Many protostellar outflows are observed in star-forming regions. These outflows are be-
lieved to be universally driven by a protostar and play a critical role in star formation(Arce et al.
2007; Bally et al. 2007). The protostellar outflow may determine star formation efficiency,
especially in low-mass star formation process. The similarity between the core mass func-
tion and the initial mass function implies that only a certain fraction of the prestellar
core is converted into the star (Motte et al. 1998; Andre´ et al. 2009). Recent observa-
tions have shown that, in a single prestellar core, star formation efficiency is limited to
ǫ ≡ Mstar/Mcore ∼ 20 − 50% (Andre´ et al. 2010; Ko¨nyves et al. 2010). Matzner & McKee
(2000) argued that star formation efficiency might be limited by the protostellar outflow.
With a simple analytical approach, they showed that a wide-opening-angle outflow sweeps
up the gas in the infalling envelope and ejects it into the interstellar space. They concluded
that the protostellar outflow can limit star formation efficiency to ǫ ∼ 30 − 50%. In addi-
tion, feedback from the protostellar outflow may maintain interstellar turbulence and affect
subsequent star formation (Nakamura & Li 2007). Thus, the protostellar outflow is crucial
in (low-mass) star formation. However, it is quite difficult to model the outflow using only
an analytical approach because the outflow driving depends on various conditions such as
the infalling mass rate onto the circumstellar disk, the size of the circumstellar disk, the
configuration and the strength of the magnetic field around the protostar. Thus, numeri-
cal simulation is necessary to understand the driving and evolution of the outflow during
star formation and to determine star formation efficiency, as controlled by the protostellar
outflow, in more detail.
Some authors have used a spherically symmetric calculation to investigate the evolu-
tion of a prestellar cloud until protostar formation (Larson 1969; Winkler & Newman 1980;
Masunaga et al. 1998; Masunaga & Inutsuka 2000). Now, we can directly calculate the star
formation from the prestellar cloud stage until protostar formation with a multi-dimensional
calculation (Bate 1998, 2010; Tomisaka 2002; Banerjee & Pudritz 2006; Machida et al. 2007).
Before protostar formation, the first (adiabatic) core forms (Larson 1969) and drives a wide-
opening-angle outflow (Tomisaka 2002; Machida et al. 2005b; Hennebelle & Teyssier 2008b;
Tomida et al. 2010; Commerc¸on et al. 2010; Bu¨rzle et al. 2011). After protostar formation,
the first core evolves directly into the circumstellar disk after the protostar formation (Bate
1998, 2010, 2011; Walch et al. 2009a; Machida et al. 2010a; Machida & Matsumoto 2010;
Machida et al. 2011). Since the first core transitions smoothly to the circumstellar disk, the
outflow driven by the first core before protostar formation is driven by the circumstellar disk
after protostar formation without a transient disappearance. In summary, a wide-opening-
angle outflow appears before protostar formation and continues to be driven after protostar
formation until the end of the main accretion phase (Machida et al. 2008b, 2009a, 2010b).
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This type of outflow is believed to correspond to the molecular outflow frequently observed in
star-forming regions (Bontemps et al. 1996; Wu et al. 2004; Arce et al. 2010; Curtis et al.
2010). Recently, a bipolar molecular outflow was observed around the candidate first core
Per-Bolo 58 (Dunham et al. 2011). In addition, some first core candidates were reported
by several authors (Chen et al. 2010; Chen & Arce 2010; Enoch et al. 2010). Thus, to es-
timate the mass ejection rate from the host cloud or star formation efficiency, we need to
calculate the evolution of the protostellar outflow from the prestellar core stage because a
wide-opening-outflow appears before protostar formation.
In addition to the wide-opening-angle outflow, well collimated high-velocity jets are
observed in the star forming region (Arce et al. 2007; Bally et al. 2007). Such a jet also
appears during star formation process, and is driven in very close proximity to the proto-
star (Tomisaka 2002; Banerjee & Pudritz 2006; Machida et al. 2008a,b). The driving source
and its spatial scale of each flow (wide-opening-angle outflow and well collimated jet) are
considerably different: the driving source for the wide-opening-angle flow is the first core or
the circumstellar disk, which has a size of ∼> 1AU, whereas the driving source for the well
collimated jet is the protostar and the disk near the protostar in the region of ≪ 0.1AU
(Machida et al. 2008b). In addition, the mass ejection rate of the wide-opening-angle flow is
much higher than that of the well collimated jet. Because the jet has a good collimation, it
cannot accumulate sufficient mass in the infalling envelope to reduce star formation efficiency
(Tomisaka 2002; Machida et al. 2008b). Note that the difference in collimation between the
wide-opening-angle outflow and well collimated jet is caused by the driving mechanism and
the configuration of the magnetic field lines around the driving source (Machida et al. 2008b).
A statistical study of molecular outflows observed in various star forming regions also
indicates that the (wide-opening-angle) molecular outflows have a sufficient energy or mo-
mentum to control the star formation (Bontemps et al. 1996; Arce et al. 2010). Therefore,
the wide-opening-angle outflow and not the well collimated jet is expected to be important
in determining star formation efficiency. Thus, to estimate the mass ejection rate (or star
formation efficiency), we must resolve the driving source of the wide-opening-angle outflow,
whereas we do not necessarily need to resolve the protostar itself, which drives the well col-
limated jet. Since previous studies spatially resolved the protostar, they could not directly
estimate the resulting mass ejection rate by the protostellar outflow and star formation ef-
ficiency (Tomisaka 2002; Banerjee & Pudritz 2006; Machida et al. 2008b). They calculated
the evolution of the protostellar outflow only for a short duration of ∼< 1 − 10 yr at most,
whereas the main accretion phase lasts for at least ∼> 10
3 − 104 yr. It is difficult to calculate
the evolution of the protostellar outflow for a long duration by resolving the protostar itself
because the timescales (time steps) in the regions around the protostar and the molecular
cloud are quite different.
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On the other hand, without resolving the driving source of the protostellar outflow, some
studies focused on the long-term evolution of the protostellar outflow propagating into the
interstellar medium. In these studies, the outflow is input artificially in the computational
domain (e.g., Arce et al. 2007). In addition, the circumstellar disk, the configuration, and
the strength of the magnetic field are also adopted arbitrarily. Even with this type of
calculation, we cannot estimate star formation efficiency because the mass ejection rate is
artificially assumed in such studies.
At the expense of spatial resolution around the protostar, Machida et al. (2009a) cal-
culated the evolution of the collapsing cloud from the prestellar stage until the end of the
main accretion phase. In their study, the driving source of the outflow (i.e., the first core and
the circumstellar disk) was well resolved spatially, whereas the protostar was not resolved
and was replaced by sink cells. They pointed out that the protostellar outflow reduces star
formation efficiency to ∼ 20 − 60%. However, they investigated only the evolution of a
low-mass cloud core (M ∼ 0.22M⊙) and did not investigate the evolution of a cloud with
a typical mass scale of ∼ 1M⊙ (e.g., Motte et al. 1998; Onishi et al. 2002). In this study,
using conditions similar to those in Machida et al. (2009a), we calculate the evolution of a
cloud with various initial masses and investigate the evolution of the outflow and the impact
of the protostellar outflow on star formation efficiency. This paper is structured as follows.
The framework of our models and the numerical method are described in §2. The numerical
results are presented in §3. The mass ejection rate and star formation efficiency are discussed
in §4. We summarize our results in §5.
2. Model and Numerical Method
2.1. Basic Equations
To investigate star formation efficiency and long-term evolution of the protostellar out-
flow, we calculate the star formation process from the prestellar core stage until the end of
the main accretion phase for clouds with various masses using three-dimensional resistive
MHD equations, including self-gravity:
∂ρ
∂t
+∇ · (ρv) = 0, (1)
ρ
∂v
∂t
+ ρ(v · ∇)v = −∇P −
1
4π
B × (∇×B)− ρ∇φ, (2)
∂B
∂t
= ∇× (v ×B) + η∇2B, (3)
∇2φ = 4πGρ, (4)
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where ρ, v, P , B, η, and φ denote the density, velocity, pressure, magnetic flux density,
resistivity, and gravitational potential, respectively. To mimic the temperature evolution
calculated by Masunaga & Inutsuka (2000), we adopt the piece-wise polytropic equation of
state (see Vorobyov & Basu 2006; Machida et al. 2007) as
P = c2s,0 ρ
[
1 +
(
ρ
ρc
)2/3]
, (5)
where cs,0 = 190m s
−1 and ρc = 3.84 × 10
−14 g cm−3 (nc = 10
10 cm−3). Equation (5) shows
that the gas behaves isothermally for n ∼< 10
10 cm−3 and adiabatically for n ∼> 10
10 cm−3. For
the realistic evolution of the magnetic field during star formation, we adopt a resistivity (η)
of the fiducial value in Machida et al. (2007), in which Ohmic dissipation becomes effective
for 1011 cm−3 ∼< n ∼< 10
15 cm−3 (for details, see Eqs. [9] and [10] and Fig. 1 of Machida et al.
2007).
2.2. Initial Settings
This study investigates star formation efficiency in a single cloud. Thus, we assume
an isolated cloud core embedded in the interstellar medium. As the initial state, we take a
spherical cloud with a critical Bonnor–Ebert (BE) density profile ρBE, in which a uniform
density is adopted outside the sphere (r > Rc, where Rc is the critical BE radius) to mimic
the interstellar medium. The gravitational force is ignored outside the BE sphere (r > Rc)
to avoid the inflow of gas from outside the isolated core (i.e., from the interstellar medium).
In addition, to strictly avoid mass inflow from outside the core, we prohibit mass inflow at
r = Rc. Note that we do not prohibit mass outflow at the boundary between the BE sphere
and the interstellar medium; the gas escapes freely from the BE sphere by the protostellar
outflow. Hereafter, we call the gravitationally bound gas cloud within r < Rc the host cloud.
We confirmed that the total mass of the host cloud is well conserved during the calculation
before the protostellar outflow reaches the cloud boundary. Note that the total mass inside
the host cloud is not conserved after the protostellar outflow propagates into the interstellar
space (r > Rc), because the mass is ejected from the host cloud by the protostellar outflow.
Since the critical BE sphere is in equilibrium, we increase the density by a factor of f to
promote contraction, where f is the density enhancement factor that represents the stability
of the initial cloud. The density profile of the initial cloud is described as
ρ(r) =
{
ρBE(r) (1 + δρ) f for r < Rc,
0.02 ρBE(Rc) (1 + δρ) f for r ≥ Rc,
(6)
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where ρBE(r) is the density distribution of the critical BE sphere, and δρ is the axisymmetric
density perturbation. An initial cloud with larger f is more unstable against gravity. The
cloud stability is generally represented by a parameter α0 (≡ Et/Eg), which is the ratio of
thermal (Et) to gravitational (Eg) energy. As shown in Matsumoto & Hanawa (2003), when
the BE density profile is adopted, the density enhancement factor is related to the parameter
α0 as
α0 =
0.84
f
. (7)
We adopt a density enhancement factor as 1.68, which corresponds to α0 = 0.5. The density
contrast between the center of the cloud (r = 0) and the cloud boundary (r = Rc) is
ρ(r = 0)/ρ(r = Rc) = 14. In addition, a uniform density of ρamb = 0.02ρc (i.e, 2% of the
central cloud density) is adopted outside the sphere (r > Rc).
To break the axial symmetry, we add a small amount of m = 2-mode non-axisymmetric
density perturbation to the initial core. For the m = 2-mode, in equation (6), we choose
δρ = Aφ(r/Rc)
2 cos 2φ, (8)
where Aφ (=0.01) represents the amplitude of the perturbation. The radial dependence is
chosen so that the density perturbation remains regular at the origin (r = 0) at one time-
step after the initial stage. This perturbation develops into a non-axisymmetric perturbation
in the circumstellar disk that contributes to angular momentum transfer. In addition, this
m = 2 perturbation ensures that the center of gravity is always located at the origin.
For a dimensional BE density profile, we adopt an isothermal temperature of T = 10K
and a central number density of nc = nc,0, where nc,0 is a parameter in the range n0 =
3× 105 − 3× 109 f cm−3. Since the temperature of each initial cloud is fixed, the size (i.e.,
radius and mass) of the BE sphere is uniquely determined only by the parameter nc,0. Thus,
each model is characterized only by the initial central density, nc,0. With these parameters,
the critical BE radius (or radius of the host cloud) is Rc = 87 − 8700AU. The mass inside
r < Rc for each model is Mcl = 0.015 − 1.5M⊙. The host cloud radius and mass for each
model are listed in Table 1.
In each model, the cloud rotates rigidly around the z-axis in the r < Rc region and
a uniform magnetic field parallel to the z-axis (or rotation axis) is adopted in the entire
computational domain. The magnetic field strength and the rotation rate are scaled using
the central density ρ0 = ρBE(r = 0)f as
α = B20/(4π ρ0 c
2
s,0), (9)
ω = Ω0/(4πGρ0)
1/2. (10)
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In all models, we adopt α = 0.1 and ω = 0.1, which are the most appropriate parameters
for driving strong outflow in the collapsing cloud (Machida et al. 2005b; Machida et al.
2008b). Since the magnetic field and rotation are normalized by the central density and
each model is characterized by only the central density, each cloud has a different magnetic
field strengths and angular velocity. The magnetic field (B0) and angular velocity (Ω0)
for each model are summarized in Table 1. However, all models have the same ratios of
rotational and magnetic energies to the gravitational energy, β0 (≡ Erot/Egrav = 5 × 10
−3)
and γ0 (≡ Emag/Egrav = 4×10
−2), where Erot and Emag are rotational and magnetic energies,
respectively. In addition, all models have the same mass-to-flux ratio M/Φ. There exists
a critical value of M/Φ below which a cloud is supported against gravity by the magnetic
field. For a cloud with uniform density, Mouschovias & Spitzer (1976) derived a critical
mass-to-flux ratio (
M
Φ
)
cri
=
ζ
3π
(
5
G
)1/2
, (11)
where the constant ζ = 0.48 (Tomisaka et al. 1988a,b). The mass-to-flux ratio normalized
by the critical value λ is described as
λ ≡
(
M
Φ
)(
M
Φ
)−1
cri
. (12)
All models have λ = 4, which is slightly larger than the typical value of observation. The
observations indicate that molecular cloud cores have the mass-to-flux ratio in the range of
0.8 ∼< λ ∼< 7.2 with a median value of λ ≈ 2 (Crutcher 1999).
The model names and parameters are also listed in Table 1. We believe that these energy
ratios are adequate for comparing cloud evolution among models with different masses. We
can match the magnetic field strength (B0) and rotation rate (Ω0) for clouds with different
masses. However, since doing so changes the evolution of the cloud and the protostellar
outflow, it is difficult to compare the star formation efficiency of the models. For example,
when the initial magnetic field strength is fixed among the models, no outflow may appear in
a less massive cloud because it has a small ratio of magnetic energy to gravitational energy.
In this paper, to compare cloud evolution among models, we usually use the freefall
timescale at the center, r = 0 (tff,c), and boundary, r = Rc (tff,b), of the initial cloud as the
unit of time. Since the density contrast between the center of the cloud and its boundary is
14, the freefall timescale of the cloud boundary is about 3.7 times longer than that at the
center of the cloud (tff,b = 3.7tff,c). The freefall timescale at the center of the initial cloud
(tff,c) for each model is listed in Table 1.
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2.3. Sink Cell and Numerical Method
To realize the long-term calculation of star formation, we adopt a sink at the center of
the cloud. We start the calculation without a sink and calculate the cloud evolution for the
prestellar gas collapse phase without a sink. Later, we identify protostar formation in the
collapsing cloud core when the number density exceeds n > nthr at the cloud center, where
nthr is the threshold density. After protostar formation, we calculate the cloud evolution
with the sink.
To model the protostar, we adopt a fixed sink with a radius of 1AU composed of sink
cells only around the center of the computational domain. Since we add only m = 2 density
perturbation, as described in §2.2, the protostar (or center of gravity) does not move and
remains at the center of the computational domain during the calculation. In the region
r < rsink = 1AU, the gas having a number density of n > nthr = 10
13 cm−3 is removed from
the computational domain and added to the protostar as a gravitating mass in each time
step (for details, see Machida et al. 2009a). Thus, for each time step, the accretion mass
onto the protostar is calculated as
Macc =
∫
r<rsink
[ρ(i, j, k)− ρthr] dV. (13)
In addition, inside the sink, the magnetic flux is removed by Ohmic dissipation because
this region has a magnetic Reynolds number Re exceeding unity Re > 1 (for details, see
Machida et al. 2007).
For calculation on a large spatial scale, the nested grid method is adopted (for details,
see Machida et al. 2005a,b). Each level of a rectangular grid has the same number of cells
(64 × 64 × 32). The calculation is first performed with five grid levels (l = 1 − 5). In all
models, the fifth level of the grid (l = 5) has a box size of L5 = 2Rc and just covers the
entire region of the isolated BE sphere. The first level of the grid has a box size of L1 = 2
5Rc
and is filled with low-density interstellar medium outside r > Rc. Thus, we can calculate
the propagation of the protostellar outflow in the region of < 25Rc. The protostellar outflow
never reaches the computational boundary by the end of the calculation. In addition, we have
checked that the Alfve´n waves generated at the center of the cloud (or the computational
boundary) never reaches the computational boundary (or the center of the cloud) during the
calculation (for details, see Machida et al. 2010b). After the calculation starts, a new finer
grid is generated before the Jeans condition is violated (Truelove et al. 1997). Although
the maximum grid level differs among the models, each model has a spatial resolution of
< 0.3AU in the finest grid.
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3. Results
In this section, we present the evolution of the collapsing cloud and the outflow for
typical models in §3.1.1 (model N08, less massive cloud case) and §3.1.2 (model N06, massive
cloud case). Then, we describe the mass accretion rate (§3.2) and masses of the protostar
and circumstellar disk (§3.3), and the mass ejected by the protostellar outflow (§3.4). The
properties of the protostellar outflow are described in §3.5.
3.1. Typical Model
3.1.1. Model N08
Figure 1 plots the cloud evolution for model N08 from the initial state until the end of
the main accretion phase; only the z > 0 region is shown. Note that although the structure
only around the initial cloud scale (∼ Rc) is plotted in Figure 1, the computational domain
has a size of 25Rc. As seen in Figure 1a, we adopted a spherical cloud with the BE density
profile and the radius of Rc as the initial state. As described in §2.2, since we ignored
the gravity outside the BE sphere (r > Rc), only the gas in the r < Rc region (inside
the white dotted line in Fig. 1) can collapse to fall onto the center of the cloud. For this
model, the number density exceeds n > nthr and a protostar forms at t = 3.51tff,c, where tff,c
(= 1.4 × 103 yr) is the freefall timescale of the initial cloud at the center. Figure 1b shows
the density distribution just after protostar formation. The red contours of n = 107 cm−3 in
Figure 1a and b indicate that the cloud gradually contracts toward the center with time.
The blue contour in the figure corresponds to the boundary of the protostellar outflow,
inside which the gas moves outward against the center of the cloud. Thus, this contour shows
the shape of the protostellar outflow. The outflow is driven by the circumstellar disk that
originates from the first core, which appears before protostar formation (Tomisaka 2002;
Machida et al. 2005b; Hennebelle & Fromang 2008a; Bu¨rzle et al. 2011). After protostar
formation, the first core becomes the circumstellar disk (Bate 1998; Inutsuka et al. 2010;
Machida et al. 2010a). The outflow is then driven by the circumstellar disk after a smooth
transition from the first core to the circumstellar disk (Machida et al. 2009a, 2011). The
protostellar outflow remains in the host cloud (r < Rc) for t ∼< 7000 yr (Fig. 1c); it reaches
the boundary of the host cloud at t ∼ 7200 yr (Fig. 1d) and penetrates the host cloud
boundary and propagates into the interstellar space (r > Rc) for t ∼> 7200 yr (Fig. 1e-h).
The outflow driving halts inside the host cloud at t ≃ 17000 yr (≃ 12tff,c). The infalling
envelope is depleted and the mass accretion is almost over by this epoch (§3.3). Thus, the
circumstellar disk cannot drive the outflow at this epoch because the outflow is powered by
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gas accretion onto the circumstellar disk. Since the freefall timescale of the cloud boundary
is tff,b = 5300 yr, a large fraction of the gas inside the host cloud has already fallen onto
either the circumstellar disk or the protostar by this epoch. Although the outflow at the
host cloud scale completely disappears in t ∼ 3 × 104 yr (=20 tff,c = 5.4 tff,b), the density
cavity formed by the protostellar outflow remains around the host cloud as seen in Figure 1i.
Figure 1 also shows that the infalling envelope in the host cloud depletes with time.
Part of the gas inside the initial host cloud is ejected by the protostellar outflow, and the
remainder falls onto either the circumstellar disk or the protostar. In Figures 1h and i,
we can see only a disk-like structure with the size of ∼200AU, because the infalling gas is
depleted by this epoch. At these epochs, the density of the infalling envelope (n ∼< 10
5 cm−3)
is less than 1/100 the initial cloud density (n ∼> 10
7 cm−3). At the end of the calculation
(t ≃ 20 tff,c), the mass ratio of the infalling envelope to the total mass of the initial cloud is
only < 4%. Thus, the main accretion phase has already ended by this epoch.
The evolution of the outflow configuration is shown in Figure 2. Each panel corresponds
to the same epoch as in Figure 1d, e, f, and h. Figure 2 shows that the protostellar outflow
propagates into the interstellar space while maintaining good collimation. However, Fig-
ure 2a and b indicate that, early in the evolution, the outflow also extends in a transverse
direction and increases in width. After its width becomes comparable to the host cloud
scale, the outflow extends only in the vertical direction while maintaining its width. The
magnetic field lines that guide the outflow are anchored by the host cloud (or the gravita-
tionally bound sphere). Thus, the final width of the outflow is comparable to that of the
host cloud. Therefore, the outflow collimation improves with time after the outflow width
becomes comparable to the host cloud scale, whereas the collimation is not good when its
width is smaller than the host cloud scale or the outflow remains within the host cloud.
3.1.2. Model N06
Figures 3 and 4 show the density and velocity distributions for model N06 at t =
1.315× 105 yr (= 9.4 tff,c=2.5 tff,b). For this model, the protostar forms at t = 4.502× 10
4 yr
after the cloud begins to collapse. Thus, the figures show the structure 8.647× 104 yr after
the protostar formation. By this epoch, the outflow penetrated the host cloud that has
a radius of 4800AU and reaches ∼ 2 × 104AU from the center of the cloud, as seen in
Figure 3 left panel. The figure also shows the bow shocks caused by the protostellar outflow
at z ≃ ±2 × 104AU. The upper right panel in Figure 3 plots the structure around the host
cloud and shows that the gas flows out from the host cloud in the vertical direction by the
protostellar outflow. In addition, inside the white dotted line that denotes the size of the
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initial cloud, the gas density is considerably lower than the ambient medium. This is because
a part of the gas falls onto the central region to form the protostar and circumstellar disk,
while the remainder is ejected from the host cloud by the outflow. The lower right panel is
16 times magnified view of the central region of the upper right panel. This panel shows that
the outflow is strongly driven by the disk-like structure around the protostar. On this scale,
the gas accretes onto the protostar through the circumstellar disk, and a part of the accreting
mater is ejected by the outflow. Figure 4 shows the structure around the circumstellar disk
on y = 0 (left panel) and z = 0 (right panel) planes. These panels show that the rotating
disk exits around the protostar and drives the outflow. Thus, it is expected that the outflow
is mainly driven by the magnetocentrifugal mechanism (Blandford & Payne 1982).
Figures 3 and 4 indicate that large scale outflow with a size of > 104AU (Fig. 3 left
panel) originates from the disk wind driven by the circumstellar or rapidly rotating disk with
a size of ∼ 1 − 100AU. The disk wind propagates into the infalling envelope, and thus it
sweeps and collects a larger fraction of the infalling matter. Finally, a large fraction of the
swept material is expelled from the host cloud. Thus, the outflow significantly affects the
final protostellar mass or star formation efficiency.
3.2. Mass Accretion Rate onto Protostar
Figure 5 shows the mass accretion rate onto the protostar and the protostellar mass
against the time after protostar formation t˜. Here, we describe the time after the protostar
formation as t˜, which is defined as
t˜ ≡ t− t0, (14)
where t is the elapsed time after the cloud begins to collapse (or the calculation starts), and
t0 is the protostar formation epoch and is listed in Table 1. In each model, the gas density
exceeds n > nthr, and the protostar forms ∼ 3 − 5 tff,c after the cloud begins to collapse
(Table 1). Note that model N39 shows no continuous collapse and no protostar appears; this
is because the initial cloud density for model N39 is too high to induce continuous collapse.
In our models, since the gas becomes adiabatic at n = nc ∼ 10
10 cm−3 (§2.2), the initial cloud
density (nc = 3×10
9 f cm−3) for model N39 is very close to this critical value nc. As a result,
model N39 shows repeated contraction and expansion around the initial configuration, not
continuous collapse. Below, we describe only the models showing protostar formation (N35,
N06, N36, N07, N37, N08, N38, N09) and do not mention model N39 again.
As described in §2.3, we removed the gas having a number density of n > nthr in
the region r < 1AU from the computational domain. We regarded the removed gas as
the accreted mass onto the protostar and estimated the mass accretion rate in each time
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step. Figure 5 shows that, in each model, the mass accretion rate is as high as M˙ ∼
10−4 − 10−5M⊙ yr
−1 just after protostar formation (t˜ ≃ 0 yr). In theoretical analyses, the
mass accretion rate is defined as M˙ = f c3s/G, where f is a numerical factor (e.g., f =
0.975 in Shu 1977, f = 46.9 in Hunter 1977). Since gas clouds have temperatures of T =
10K (cs = 0.2 km s
−1), the accretion rate in the main accretion phase is M˙ = (2 − 90) ×
10−6M⊙ yr
−1. Thus, the accretion rate derived in our calculations corresponds well to the
theoretical expectation.
Then, in each model, the mass accretion rate gradually decreases with time, to M˙ ∼
10−5−10−6M⊙ yr
−1 at t˜ ≃ tff,c and M˙ ∼ 10
−6−10−7M⊙ yr
−1 at t˜ ∼ tff,b. Thus, gas accretion
almost halts and the protostar rarely increases in mass at t˜ ∼> tff,b. As shown in Figure 5, all
models show a qualitatively and quantitatively similar mass accretion rate trend when the
mass accretion rate onto the protostar is normalized by the freefall timescale of the initial
cloud. However, since the real (or dimensional) time of the freefall timescale depends on the
initial cloud density (or the initial cloud mass), the duration of the main accretion phase
is different in models with different cloud masses. A cloud with a larger mass (or lower
density) has a longer duration of the main accretion phase. For example, model N35 with
Mcl = 1.5M⊙ has the mass accretion of M˙ > 10
−6M⊙ yr
−1 for ∼ 5 × 104 yr, while model
N09 with Mcl = 0.03M⊙ has that only for ∼ 10
3 yr. Figure 5 also shows that the protostar
formed in a massive cloud is more massive than that formed in a less massive cloud. This
is because the massive cloud has a longer gas accretion phase, so the protostar has enough
time to acquire sufficient mass and evolves into a relatively massive star.
In Figure 5, the mass accretion rate oscillates in models having an initially massive
cloud. This is caused by a non-axisymmetric structure appearing in the circumstellar disk.
Since the circumstellar disk is more massive than the protostar just after protostar formation
(Bate 1998; Walch et al. 2009a; Machida et al. 2010a; Tsukamoto & Machida 2011), a non-
axisymmetric or spiral structure develops owing to gravitational instability. Such structure
effectively transfers angular momentum outward and intermittently promotes mass accretion
onto the protostar. As a result, these models show time variability in the mass accretion
rate (Vorobyov & Basu 2006; Machida et al. 2011). In Figure 5, models N35, N06, N36, N07
and N37 show time variability in the mass accretion rate.
3.3. Mass Evolution of Protostar and Circumstellar Disk
The mass of the protostar, circumstellar disk, protostellar outflow, and infalling envelope
are plotted against time after protostar formation t˜ in Figure 6. In addition, these masses at
tff,b after protostar formation are listed in Table 2. The circumstellar disk mass is estimated
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according to the formula in Machida et al. (2010a). To estimate the outflowing gas Mout, we
integrated the gas with velocity vr > cs for the entire computational domain and subtracted
the gas swept by the protostellar outflow outside the host cloud r > Rc from the integrated
mass. For later convenience, we divide the outflowing mass into two parts,
Mout = Mej +Mout,Rc , (15)
where Mej is the mass ejected from the host cloud, andMout,Rc is the outflowing mass having
vr > cs inside the host cloud (r < Rc). To calculate the mass of the infalling envelope, we
calculated the total mass Mtot inside the host cloud (r < Rc). Then, we subtracted the disk
mass Mdisk and the outflowing mass Mout,Rc in the r < Rc region from the total mass,
Menv = Mtot(r < Rc)−Mdisk −Mout,Rc(r < Rc). (16)
In our models, the sum of the protostellar mass, circumstellar mass, and infalling envelope
mass is not conserved inside the host cloud (i.e., r < Rc) because part of the gas is ejected
from the host cloud by the protostellar outflow. However, we confirmed that the sum of
the total mass and the protostellar mass is well conserved before the outflow reaches the
boundary of the host cloud, as described in §2.2.
Figure 6 shows that, in each model, the mass of the infalling envelope decreases to
Menv/Mcl ∼< 0.1 at t˜ ∼ tff,b (Table 2), where Mcl is the initial cloud mass. Thus, the mass of
the infalling envelope is depleted and the main accretion phase is almost over by this epoch.
Note that, in Figure 6, we subtracted the time (t0) until the protostar forms from the time
(t) after the cloud begins to collapse. Thus, at the epoch tff,b, indicated by the arrow in
Figure 6, a longer time than tff,b has passed since the cloud begins to collapse (Table 1).
Therefore, it is reasonable that almost all the gas has already fallen onto the center of the
cloud at this epoch t˜ ∼ tff,b, because the gas falls onto the cloud center in several times
freefall timescale (Machida et al. 2005a) and the freefall timescale at the cloud boundary
(tff,b) has already passed by this epoch.
Figure 6 also indicates that the circumstellar disk mass dominates the protostellar mass
just after protostar formation in each model. The circumstellar has been reported to orig-
inate from the first core (Inutsuka et al. 2010), which is about 10-100 times more massive
than the protostar at the protostar formation epoch (Larson 1969; Masunaga & Inutsuka
2000). Machida et al. (2010a) showed that the circumstellar disk is inevitably more massive
than the protostar in the early main accretion phase because the first core evolves directly
into the circumstellar disk after protostar formation. In the later main accretion phase,
however, in some models, the protostellar mass dominates the circumstellar disk mass. In
the initially massive clouds (models N35, N06, and N36), the protostellar mass continues to
increase, whereas the circumstellar disk mass gradually decreases until the end of the main
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accretion phase. In addition, in models N35 and N06, the protostar becomes more massive
than the circumstellar disk for t ∼> tff,c. The massive circumstellar disk becomes gravitation-
ally unstable and tends to exhibit a non-axisymmetric structure that can transfer angular
momentum outward; the gas in the circumstellar disk effectively falls onto the protostar.
Therefore, the accretion rate onto the protostar from the circumstellar disk dominates the
accretion rate onto the circumstellar disk from the infalling envelope, and the mass of the
disk begins to decrease.
Figure 7 shows the density distribution on the equatorial plane around the center of
the cloud at t ∼ 7tff,c for models N35, N06, N08 and N09. The figure shows that a rotating
disk with a size of ∼ 10 − 100AU forms around the center of the cloud by this epoch.
As seen in Figure 7a, two clumps appear in model N35, in which fragmentation occurs in
the circumstellar disk about ∼ 5 × 104 yr after protostar formation. In models N35 and
N06, the circumstellar disk is rather massive in the early main accretion phase. As shown
in Figure 6, the circumstellar disk has a mass of Mdisk ∼ 0.4 − 1.0M⊙ in model N35 and
∼ 0.4M⊙ in model N06 in the early main accretion phase for t˜ ∼< tff,c. Such a massive
disk becomes gravitationally unstable and tends to develop a non-axisymmetric structure
and show subsequent fragmentation, as seen in Figure 7a. Although model N06 shows
no fragmentation until the end of the calculation, non-axisymmetric (or spiral) structure
develops in the circumstellar disk, as seen in Figure 7b. The circumstellar disk mass begins
to decrease after the non-axisymmetric structure develops because such structure transfers
angular momentum outward, and the gas in the circumstellar disk effectively falls onto the
central protostar. Finally, the protostellar mass dominates the circumstellar disk mass in the
later main accretion phase for models N35 and N06 (Fig. 6). For model N36, the circumstellar
disk mass gradually decreases in the main accretion phase (Fig. 6), whereas it is greater than
the protostellar mass at t˜ = tff,b. The efficiency of angular momentum transfer for model
N36 is considered to be lower than those for models N35 and N06 because only a weak spiral
structure appears in this model.
On the other hand, for models N07, N37, N08 and N38, the circumstellar disk mass does
not decrease greatly in the main accretion phase and is slightly greater than or comparable to
the protostellar mass at the end of the main accretion phase. Although the circumstellar disk
is more massive than the protostar during the main accretion phase, no non-axisymmetric
structure develops in these models. This is because the size of the circumstellar disk is not
sufficiently larger than the Jeans length, and the disk is stable against gravity (Machida et al.
2010a). As shown in Figure 7, model N08 has an almost axisymmetric structure. Thus,
angular momentum transfer due to non-axisymmetric structure is not so effective, and a
massive disk remains until the end of the main accretion phase.
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As seen in Figure 6, for model N09, the protostar becomes more massive than the
circumstellar disk just after the protostar formation, and the protostellar mass dominates
the circumstellar disk mass by the end of the calculation. Since model N09 has no sufficient
cloud mass at the initial state, the circumstellar disk cannot increase its mass significantly by
gas accretion. For this model, the protostar and the circumstellar disk just after the protostar
formation has a mass of Mps ∼ 0.01M⊙ and Mdisk ∼ 0.01M⊙, respectively. Thus, the sum
of protostellar and circumstellar disk masses (∼ 0.02M⊙) is comparable to the initial cloud
mass (Mcl = 0.03). Therefore, mass accretion onto the circumstellar disk from the infalling
envelope rapidly declines immediately after the protostar formation. On the other hand, the
protostar gradually increases its mass by the mass accretion from the circumstellar disk.
Figure 6 indicates that, in each model, the protostellar mass rapidly increases for t˜ < tff,c,
and slightly increases for tff,c ∼< t˜ ∼< tff,b. For t˜ ∼> tff,b, the protostellar mass rarely increases
because the infalling envelope is almost depleted by this epoch. To compare the protostellar
mass evolution among models, the time averaged mass accretion rate for t˜ < tff,b is estimated
as M˙ave =Mps(tff,b)/tff,b, where Mps(tff,b) is the protostellar mass at t˜ = tff,b. For all models,
the averaged mass accretion rates are in the range of 4.0 × 10−6 < M˙ave/(M⊙ yr
−1) <
8.5 × 10−6. The difference of the mass accretion rate among models is only a factor of
about 2. Thus, a protostar has a similar accretion history when the protostellar evolution is
normalized by the freefall timescale of the initial cloud. In reality, however, initially massive
cloud has a longer freefall timescale and longer duration of the main accretion phase. Thus,
the protostar formed in massive cloud has a greater mass at the end of the main accretion
phase.
3.4. Mass Ejected by Protostellar Outflow
In the main accretion phase, the mass of the protostellar outflow dominates, or is com-
parable to, both the protostellar and circumstellar disk masses for models N35, N06, N36,
N07, and N37, as shown in Figure 6. This indicates that the protostellar outflow greatly af-
fects star formation efficiency because it ejects a large fraction of the mass of the host cloud.
In other words, the protostellar outflow controls the protostellar mass or star formation effi-
ciency in the star formation process as pointed by Matzner & McKee (2000). Figure 8 shows
the density and velocity distribution on the y = 0 cutting plane for models N35, N06, N08,
and N09 at t ∼ 7tff,c ∼ 2tff,b. Note that the models and epochs in Figure 8 are the same
as those in Figure 7, but the spatial scales differ. In each panel, the outflowing region is
denoted by a white contour, inside of which radial velocity of the gas is supersonic (vr > cs).
Figure 8 shows that the gas is strongly ejected from the host cloud by the protostellar
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outflow in any model. In addition, the outflow width (i.e., the horizontal length in the
direction of travel) is comparable to the radius of the host cloud (Rc), and thus, the outflow
has a wide opening angle. At this epoch, on the cloud scale of r = Rc, the outflow has
opening angles of 42◦ (N35), 45◦ (N06), 37◦ (N08), and 26◦ (N09). Note that the opening
angle continues to increase until it becomes comparable to the cloud radius. As a result,
the protostellar outflow with a wide opening angle sweeps up a large fraction of the infalling
material and ejects it into the interstellar space. In addition to this swept material, a part
of the mass in the circumstellar disk is ejected directly by the outflow.
Figure 9 shows the ratio of the outflowing to infalling masses for models N35, N36,
N37, and N38. To investigate outflow efficiency and mass ejection rate, we calculated the
outflowing/infalling mass rate on the l = lmax− 1 and lmax− 3 grid surfaces. In each model,
the l = lmax − 1 grid covers the entire circumstellar disk, and l = lmax − 3 grid has a size
of ∼ 8 − 10 times the disk radius. Since the protostellar outflow is originally driven by
the circumstellar disk, the mass ejected from the l = lmax − 1 grid almost corresponds to
the outflowing mass directly driven by the circumstellar disk. On the other hand, the mass
ejected from the l = lmax − 3 is the sum of the outflowing mass directly driven by the
circumstellar disk and the swept mass by the outflow that propagates into the dense (or
massive) infalling envelope. According to Tomisaka (2002), we estimated the outflow M˙out
and inflow M˙in masses as
M˙out =
∫
boundary of l
ρmax[v · n, 0] ds, (17)
and
M˙in =
∫
boundary of l
ρmax[v ·−n, 0] ds, (18)
respectively, where n is the unit vector outwardly normal to the surface of the l = lmax − 1
or lmax − 3 grid. Figure 9 shows that the ratio of the outflowing to inflowing mass around
the circumstellar disk (l = lmax − 1, thin line) has a peak of M˙out/M˙in ∼ 1 at t ∼< tff,c.
Thus, the mass ejection rate is comparable to the mass infalling rate at this epoch. Note
that since the circumstellar disk and the outflow driving region are embedded in the grid of
l = lmax − 1, the mass swept up by the outflow may be slightly included in the estimation
of the outflowing rate. Then, in all the models, the ratio in the l = lmax − 1 grid gradually
decreases with time. The ratio decreases to M˙out/M˙in ∼ 0.1 − 0.3 at t ∼ tff,b and reaches
M˙out/M˙in < 0.01 at t ∼ 10 tff,c.
Figure 9 also shows that the ratio of M˙out/M˙in in the llmax − 3 grid exceeds that in the
lmax−1 grid for a short period after the protostar appears. Thus, the outflowing mass (rate)
increases with distance from the driving source. This indicates that a wide-opening-angle
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outflow sweeps up the infalling gas and ejects it toward the center of the cloud. Especially, for
t ∼> tff,c, the rate in the l = lmax−3 grid is about 10 times larger than that in the l = lmax−3
grid. This indicates that the protostellar outflow collects the matter in the infalling envelope
10 times more massive than that directly blown away from the circumstellar disk. Note that
since the boundary of the host cloud is located more far away from l = lmax − 3 grid, the
outflow sweeps more matter in the infalling envelope to be ejected from the host cloud.
The thick line in Figure 9 indicates that the outflow on a larger scale gradually decreases
for t ∼> 1 − 3tff,c and disappears in t ∼> 10 tff,c. Thus, the lifetime of the outflow is about
10 times the freefall timescale of the center of the host cloud, or 3-5 times of the freefall
timescale of the outer edge of the host cloud. The protostar forms ∼ 3−5 tff,c after the cloud
begins to collapse (Table 1). Thus, roughly speaking, the protostellar outflow continues to
be driven by the circumstellar disk until the freefall timescale of the cloud boundary passes
after the protostar formation. This is natural that the almost all the gas inside the cloud fall
onto the circumstellar disk in tff,b (Figs. 5 and 6), and the protostellar outflow is powered
by the mass accretion onto the circumstellar disk.
3.5. Evolution of Protostellar Outflow and its Collimation
Figure 10 shows the outflow length (upper panel) and width (lower panel) against the
time normalized by the freefall timescale at the center of the cloud for all models. Note
that the length and width in Figure 10 right panels are normalized by the initial each cloud
radius Rc. We defined the outflow as the gas having the (positive) radial velocity larger
than the sound speed (vr > cs). The outflow expands with time and reaches ∼ 500− 10
5AU
at ∼ 10 tff,c (Fig. 10 upper left panel). The final size of the outflow depends on the size
(or mass) of the initial cloud. The outflow extends up to about 10 times the initial cloud
radius except for model N09 (Fig. 10 upper right panel). The outflow in a massive cloud
has a longer lifetime to reach a greater distance from the protostar because a massive cloud
has a longer freefall timescale and the outflow continues to be driven on ∼ 1− 10 times the
freefall timescale. The lower panels of Figure 10 indicates that the outflow also expands in
the horizontal direction and becomes comparable in size to the host cloud radius Rc. The
outflow propagates into the infalling envelope along the magnetic field lines. Although the
magnetic field lines that drive the outflow are strongly bundled around the circumstellar
disk, they spread with the distance from the center of the cloud up to ∼ Rc because they
are connected to the cloud scale lines. Therefore, the outflow width also spreads in the
horizontal direction and has an opening angle of ∼ 45◦ on the host cloud scale.
Figure 11 shows the evolution of the collimation factor of the outflow, which is defined
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as
fcol =
rout
wout
, (19)
where rout and wout are the length and width of the outflow, respectively. The figure indicates
that the collimation factors remain fcool ∼< 10 for t < 5− 7tff,c. Then, they begin to increase
for t ∼> 5−7tff,c. At the end of the calculation, the collimation factors reach fcool ∼ 10−30. As
seen in Figure 2, although the outflow has a wide-opening-angle in the early main accretion
phase, it is a very well collimated in the later main accretion phase. In addition, the width of
the protostellar outflow reflects the size of the host cloud. Thus, we can acquire information
on the prestellar cloud core from the size and width of the protostellar outflow.
4. Discussion
4.1. Outflow Momentum and Comparison with Observations
To investigate the evolution of the outflow strength, we estimated the outflow momen-
tum, which is defined as
MVout =
∫ vr>cs
ρ vout dv, (20)
where vout is the outflow velocity. Figure 12 upper panel shows that the evolution of the
outflow momentum against the elapsed time after the outflow appears tout, which is defined
as
tout ≡ t− tout,0, (21)
where tout,0 is the time at the moment of the outflow appearing. This panel indicates that an
initially massive cloud has a larger outflow momentum. The outflow momentum increases for
t ∼< tff,b after the outflow appears, whereas it gradually weakens for t ∼> tff,b. Since the main
accretion phase is almost over at t ≃ tff,b, the outflow momentum has a peak at t ≃ tff,b.
At its peak, the outflow momentum is 0.003− 0.6M⊙ km s
−1, depending on the initial cloud
mass. The outflow originating from an initially massive cloud has a larger momentum and
reaches further, while that from an initially less massive cloud has a weak momentum and
disappears in a short duration.
Arce et al. (2007) observed many protostellar outflows in the Perseus molecular cloud
complex and statistically investigated them in detail. They showed that a large fraction
of protostellar outflows have momenta in the range of 0.05 ∼< MVout/(M⊙km s
−1) ∼< 1.
Curtis et al. (2010) also investigated outflows in Perseus molecular cloud and showed that
outflow momenta are distributed around MVout ∼ 0.1M⊙ kms
−1. Figure 12 upper panel
shows that models with typical cloud mass of Mcl > 0.1M⊙ (models N35, N06, N36, N07
– 19 –
and N37) have the outflow momentum of MVout ∼ 0.01 − 0.6M⊙ kms
−1 for tout ∼> 10
3 yr.
Thus, the observation of outflow momentum well agrees with simulation results. Note that
the observation show a snapshot of many protostellar outflows, while Figure 12 upper panel
shows the momentum evolution of individual outflow in each cloud.
Figure 12 lower panel shows the momentum flux of the outflow, which is defined as
F =
MVout
tout
. (22)
The figure shows that the protostellar outflow has a momentum flux in the range of 10−7 ∼<
F/(M⊙km s
−1/yr) ∼< 10
−3. The momentum flux gradually decreases with time. Roughly
speaking, the outflow has a momentum flux of F ∼ 10−4M⊙ km s
−1/yr in the early main ac-
cretion phase and F ∼ 10−6M⊙ km s
−1/yr in the late stage of the star formation. Bontemps et al.
(1996) showed that, with 45 observed outflow samples, the outflow momentum flux is typ-
ically F ∼ 10−4 M⊙ km s
−1 at the early Class 0 stage and F ∼ 2 × 10−6 M⊙ km s
−1 at the
late Class I stage. Curtis et al. (2010) also shows the similar trend of the momentum flux.
Thus, the momentum flux derived from our simulation well agrees with observations.
In the calculations, we adopted the minimum spatial scale of ∼ 0.3AU as described
in §2.2. Thus, we could not resolve protostar and its neighborhood. Therefore, no high
velocity jet that is driven near the protostar appears. However, outflow momenta derived in
our simulation well agree with observations. This indicates that observed outflow momenta
can be explained only by the outflow driven by the circumstellar disk without both high
velocity jet and mass entrained by the jet. In addition, since the outflow driven by the
circumstellar disk has a wide-opening-angle, it greatly contributes to determine the star
formation efficiency.
4.2. Final Mass of Protostar, Disk and Protostellar Outflow
The masses of the protostar, circumstellar disk, and outflow at t ≃ t0 + tff,b are listed
in Table 2. The table also lists the mass fraction of the protostar (ǫps), protostar plus
circumstellar disk (ǫdisk), outflow (ǫout) and infalling envelope (ǫenv) to that of the initial
cloud at t ≃ t0 + tff,b. As shown in Figure 5, since the mass accretion rate at this epoch
(t ≃ t0+tff,b) decreases to M˙ps ∼< 10
−7M⊙ yr
−1, the protostar cannot acquire additional mass
from the infalling envelope after this epoch. Figure 6 and Table 2 indicate that more than
90% of the initial cloud mass is already depleted at this epoch. Part of the cloud mass is
ejected from the host cloud by the protostellar outflow; the reminder falls onto either the
circumstellar disk or the protostar. In summary, the main accretion phase is almost over by
this epoch.
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The upper panel of Figure 13 shows the masses of the protostar, outflow, and circum-
stellar disk at the end of the main accretion phase (t ≃ t0 + tff,b) against the initial cloud
mass. The protostar and outflow increase in mass as the initial cloud mass increases. On
the other hand, the mass of the circumstellar disk increases with the initial cloud mass when
Mcl < 0.5M⊙, whereas it saturates when Mdisk ∼ 0.1M⊙ for Mcl > 0.5M⊙. As seen in
Figure 7, a massive protostar formed in a massive host cloud has a massive, gravitationally
unstable circumstellar disk. Such a disk shows spiral structure and subsequent fragmen-
tation. The spiral structure or fragments effectively transfer angular momentum outward
and promote mass accretion from the circumstellar disk onto the protostar. Therefore, the
massive circumstellar disk is self-regulated: when it is sufficiently massive, mass accretion
onto the protostar is amplified, and the disk mass begins to decrease.
The upper panel of Figure 13 also shows that the mass of the protostellar outflow is
larger than or comparable to the protostellar mass for Mcl > 0.08M⊙. This indicates that,
in a massive host cloud, the protostellar outflow sweeps up a large fraction of the infalling
mass and ejects it into the interstellar space. Thus, the protostellar outflow significantly
affects star formation efficiency in such a cloud. On the other hand, in a less massive cloud,
the mass of the protostellar outflow is smaller than the protostellar mass. As described in
§1, the first core is formed before the protostar formation. At its formation, the first core
has a mass of ∼ 0.1 − 0.01M⊙ which is comparable to the Jeans mass at this epoch. The
first core or the circumstellar disk drives a wide-opening-angle outflow. However, when the
initial cloud mass is comparable to the mass of the first core, the infalling envelope does not
contain enough mass to be swept up by the protostellar outflow. As a result, the outflow
cannot accumulate enough mass and only a small fraction of the host cloud mass is ejected.
Thus, higher star formation efficiency is realized in a less massive cloud without significant
mass ejection from the host cloud.
Figure 13 lower panel shows the mass ratio of protostar, circumstellar disk, and proto-
stellar outflow at t = t0 + tff,b. As shown by the blue line, the circumstellar disk mass is
comparable to the protostellar mass for Mcl < 0.26M⊙; in this case, the circumstellar disk
has an almost axisymmetric structure. On the other hand, for Mcl > 0.26M⊙, the mass
ratio of the circumstellar disk to the protostar decreases rapidly. The mass ratio of disk-to-
protostar for model N09 is Mdisk/Mps = 0.71, and that for model 35 is Mdisk/Mps = 0.22.
The difference is the result of the non-axisymmetric structure and fragmentation appearing
in the circumstellar disk. Such structure greatly promotes mass accretion from the circum-
stellar disk onto the protostar and decreases the circumstellar disk mass. The cloud with
Mcl ∼ 0.1 − 0.5M⊙ has a marginally gravitationally stable disk and has a maximum mass
ratio of the circumstellar disk to the protostar.
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The black line in Figure 13 lower panel shows the mass ratio of the protostellar outflow
to the protostar. The ratio increases with the initial cloud mass. As seen in Figure 9,
there are no significant difference of the mass ejection rate from the circumstellar disk by
the outflow during main accretion phase among models with different initial masses; in each
model, ∼ 10 − 30% of the accreting matter is blown away from the circumstellar disk for
t ∼< tff,b. However, the remaining mass of the infalling envelope and outflow driving period
are different among models. In an initially massive cloud, a large fraction of the cloud mass
remains in the infalling envelope even after the protostar or circumstellar disk formation.
The outflow with a wide-opening-angle sweeps and collects the infalling material. Thus, a
large fraction of the cloud mass swept by the outflow is ejected from the host cloud. The red
line of Figure 13 also indicates that a massive cloud has a large fraction of the outflowing
mass. Therefore, the protostellar outflow effectively suppresses the star formation efficiency
in a massive cloud. As a result, the star formation efficiency in a massive cloud is lower than
that in a less massive cloud.
4.3. Star Formation Efficiency
Figure 14 shows the star formation efficiency for each model. In the figure, the diamond
and square symbols indicate the ratio of the protostellar mass to the initial cloud mass
(ǫps ≡ Mps/Mcl; ⋄) and the mass of the protostar plus circumstellar disk to the initial
cloud mass (ǫdisk ≡ [Mps +Mdisk]/Mcl, ) at t = t0 + tff,b, respectively. At this epoch, the
infalling envelope is already depleted, and gas accretion from the infalling envelope onto the
circumstellar disk or protostar has already stopped. Thus, in a subsequent evolutionary phase
of star formation (Class II and Class III phases), the protostar acquires its mass only from the
circumstellar disk, not the infalling envelope. Thus, solid lines correspond to the lower and
upper limits of star formation efficiency. The upper limit (square symbol) is realized when
the entire circumstellar disk finally falls onto the protostar, and the lower limit (diamond
symbol) is realized when the entire circumstellar disk is blown away or disappears without
falling onto the protostar by any mechanism such as photo evaporation, jets around the
protostar, or magnetorotational instability. In fact, the star formation efficiency is expected
to fall between the lower and upper limits.
Figure 14 shows that the upper limit of star formation efficiency decreases with the initial
cloud mass. This is because the mass ejection rate owing to the protostellar outflow increases
with the host cloud mass. As described in §1, the protostellar outflow is originally driven by
the first core. Thus, no outflow appears before first core formation in the collapsing cloud.
The first core has a mass of Mfc ≃ 0.01− 0.1M⊙ (Saigo & Tomisaka 2006) at its formation.
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Thus, in a less massive host cloud, a very slight mass remains as the infalling envelope
after first core formation. For example, when the initial cloud mass is Mcl = 0.05M⊙ and
the first core has a mass of Mfc = 0.04M⊙, only 20% (Menv = 0.01M⊙) of the initial
cloud mass remains as the infalling envelope. After first core formation, part of the gas
accreted onto the first core (or the circumstellar disk) is blown away by the outflow. Since
the outflow is powered by the release of the gravitational energy of the accreting matter,
no powerful outflow appears unless sufficient accreting matter exists around the driving
source. In addition, a protostellar outflow with a wide-opening-angle sweeps up the gas of the
infalling envelope as it propagates into the host cloud. However, when the infalling envelope
is already depleted, the outflow sweeps up only a slight mass of the infalling envelope and
ejects it into the interstellar space. The outflow power and the amount of mass swept up by
the outflow increase with the mass of the infalling envelope. As a result, in a massive cloud,
a large fraction of the initial cloud mass is ejected from the host cloud and star formation
efficiency is effectively suppressed by the protostellar outflow. As seen in Table 2, for the
less massive cloud model N09, 92% of the initial cloud mass accretes onto the circumstellar
disk and the protostar and only 8% of the initial cloud mass is ejected by the protostellar
outflow. On the other hand, about half of the initial cloud mass is ejected from the host
cloud by the protostellar outflow for the massive cloud model N35.
As seen in Figure 14, the lower limit of star formation efficiency also decreases with
the initial cloud mass for Mcl < 0.26M⊙, whereas it increases slightly for Mcl > 0.26M⊙.
The lower limit is determined by the efficiency of mass accretion from the circumstellar
disk onto the protostar. A less massive disk appears in a less massive cloud and is stable
against gravity. In such a disk, angular momentum is transferred by magnetic effects such as
magnetic braking and protostellar outflow and the mass accretes steadily onto the protostar
(Machida et al. 2010b). In contrast, a massive circumstellar disk appears in a massive cloud
and is unstable against gravity. In such a massive circumstellar disk, a non-axisymmetric
structure appears because of gravitational instability, as shown in Figure 7. This structure
effectively transfers angular momentum outward, promoting mass accretion from the circum-
stellar disk onto the protostar. In addition, the gas accretes unsteadily onto the protostar, as
described in Vorobyov & Basu (2006) and Machida et al. (2010a); these authors pointed out
the possibility of episodic accretion in such massive disks. Thus, in addition to the magnetic
effects, the dynamical structure of the circumstellar disk contributes to angular momentum
transfer in the massive circumstellar disk that forms in an initially massive cloud. As a
result, the accretion rate from the circumstellar disk onto the protostar increases with the
initial cloud mass, and thus the protostellar mass and star formation efficiency also increases
with initial cloud mass.
Star formation efficiency in the least less massive cloud is ǫ = 0.54−0.92 and that in the
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most massive cloud is ǫ = 0.39− 0.47. Figure 14 shows that both the lower and upper limit
of the star formation efficiency tend to decrease as the initial cloud mass increases. This is
because, in a massive cloud, a protostellar outflow with a wide-opening-angle can sweep up a
large amount of mass and eject it into the interstellar space. The red line in the lower panel
of Figure 13 shows that the mass ejection rate owing to the protostellar outflow increases
with the initial cloud mass. The mass ejection rate owing to the protostellar outflow exceeds
Mout/Mcl ∼> 0.3 − 0.5 in a relatively massive cloud. Thus, at most half of the initial cloud
mass can be ejected by protostellar outflow.
Since we cannot estimate the mass ratio finally falling onto the protostar from the
circumstellar disk, the realistic value of star formation efficiency is unclear. However, our
result indicates that the protostellar outflow contributes greatly to the protostellar mass and
star formation efficiency in a single cloud core.
4.4. Initial Cloud Parameters and Spatial Resolution
In this study, we fixed the initial ratio of magnetic and rotational energies to the gravita-
tional energy in each cloud. As described in §4.2, star formation efficiency depends strongly
on outflow properties, which in turn depend on magnetic and rotational energies of the initial
cloud. Thus, the star formation efficiency described in §4.2 may be just a lower limit because
we selected magnetic and rotational energies most suitable for driving a powerful outflow
according to the previous studies (Tomisaka 2002; Machida et al. 2005b; Machida et al.
2008b). For example, when a very weak (negligible) magnetic field exists in the initial cloud,
only a weak (or negligible) outflow appears, and higher star formation efficiency is realized
without significant mass ejection from the host cloud. Even with a slower rotation rate, a
weak outflow realizes higher star formation efficiency. In addition, the initial strength of the
magnetic field affects the collimation of the outflow: outflow appearing in a weakly magne-
tized cloud has a relatively narrow opening angle (Tomisaka 2002). Thus, to investigate the
relationship between star formation efficiency and protostellar outflow in more detail, we may
need to investigate cloud evolution in terms of magnetic and rotational energies. However,
such calculation incurs a very high CPU cost. In this study, we showed that the protostellar
outflow can suppress star formation efficiency to ∼ 25% (∼ 50% including the circumstellar
disk) at most. This indicates that the protostellar outflow greatly affects star formation, and
we need to consider the protostellar outflow in order to investigate the protostellar mass.
We will investigate cloud evolution with a large parameter space in the future.
In this study, to realize long-term evolution of the cloud until the end of the main accre-
tion phase, we adopted sink treatment instead of resolving the protostar and the structure
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around it (r ≪ 1AU). However, as described in Tomisaka (2002), Banerjee & Pudritz (2006),
and Machida et al. (2008b), another flow component called the high-velocity jet may appear
around the protostar. Since the high-velocity jet is well collimated (Machida et al. 2008b),
it cannot sweep up a large amount of mass in the infalling envelope when it propagates into
the host cloud. However, about 10% of the accreting matter is expected to be ejected by the
collimated jet. Thus, the high-velocity jet may further lower star formation efficiency during
the star formation. However, the mass ejected by the jet may rarely affect the star formation
efficiency, because a large fraction of the cloud mass is already ejected by the outflow in the
early stage of the star formation. We need a considerably higher spatial resolution to include
the effect of high-velocity jets to estimate the star formation efficiency in more detail.
5. Summary
In this study, we investigated the impact of protostellar outflow on the star formation
process. We constructed nine models with different initial cloud masses in the range of
Mcl = 0.015 − 1.5M⊙, and calculated the cloud evolution until the cloud mass is depleted.
In the calculation, without artificially inputting outflow (momentum) to the computational
domain as seen in any other studies, outflow is naturally or automatically driven by the
circumstellar disk. As a result of the calculation, we found that a large fraction of the initial
cloud mass is ejected from the host cloud into the interstellar space by the protostellar
outflow. Thus, the protostellar outflow significantly affects the star formation process and
determination of the star formation efficiency. The following results are obtained.
The protostellar outflow continues to be driven by the circumstellar disk for about 10
times the freefall timescale of the initial cloud after the cloud begins to collapse. The final
size of the outflow is different among models, because different models have different initial
central densities and different freefall timescales. In each model, the protostellar outflow
reaches ∼ 500 − 105AU far from the protostar in t ∼ 10 tff,c. When the outflow remains
inside the host cloud, the outflow extends also to the vertical direction toward the direction
of travel, because the outflow is anchored by large-scale (host cloud scale) magnetic field
lines. After the outflow penetrates the host cloud and propagates into the interstellar space,
it extends only in the direction of the travel keeping its width. Thus, in this period, the
outflow collimation improves to reach ∼ 10 − 30. Before disappearing, the outflow has a
length of 10 times the natal cloud radius and a maximum width comparable to the natal
cloud radius. Thus, we can expect natal cloud size (or mass) from the length and width of
observed outflow.
In this study, since we did not resolve protostar itself, no high-velocity jet appears.
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However, outflow momentum and momentum flux derived in our simulation well agree with
observations. This indicates that the outflow driven by the circumstellar disk is responsible
for total outflow momentum, and high velocity jet rarely affects the star formation efficiency.
In addition, it is expected that the entrained mass by the high velocity jet can be ignored
to estimate the mass ejection from the host cloud, because observed outflow momentum can
be explained only by the disk driven outflow. Although the high velocity jet may promote
the mass ejection further, a larger fraction of the mass can be ejected only by the outflow.
The protostellar outflow can eject ∼ 10−50% of the host cloud mass into the interstellar
space. The mass ejection rate increases as the initial cloud mass increases; a large fraction of
the initial cloud mass is ejected in a massive cloud. This is because a massive cloud retains
a large amount of the infalling matter even after the protostar formation, and outflow can
sweep and collect a large fraction of the infalling matter when it propagates into the infalling
envelope. Thus, the protostellar outflow can suppress the star formation efficiency to ∼< 50%.
In addition, a massive circumstellar disk comparable to the protostellar mass remains even
after the infalling envelope is depleted. Although we need to calculate further evolution of the
protostellar system to determine the star formation efficiency, the star formation efficiency
of ∼< 30% may be realized when (a part of) the circumstellar disk is blown away in further
evolution stage.
We have benefited greatly from discussions with T. Nakano. This work was supported
by Grants-in-Aid from MEXT (20540238, 21740136).
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Table 1: Model parameters and Star Formation Epoch
Model nc,0 [cm−3] Rc [AU] Mcl [M⊙] B0 [G] Ω0 [s−1] tff,c [yr] t0 [yr]
N35 3× 105 8700 1.5 3.0× 10−5 1.3× 10−13 2.5× 104 1.0× 105 (3.9 tff,c)
N06 106 4800 0.8 5.5× 10−5 2.3× 10−13 1.4× 104 4.5× 104 (3.2 tff,c)
N36 3× 106 2700 0.47 9.6× 10−5 4.0× 10−13 8.0× 103 3.7× 104 (4.6 tff,c)
N07 107 1500 0.26 1.7× 10−4 7.4× 10−13 4.4× 103 1.7× 104 (3.0 tff,c)
N37 3× 107 870 0.15 3.0× 10−4 1.3× 10−12 2.5× 103 1.0× 104 (4.0 tff,c)
N08 108 480 0.08 5.5× 10−4 2.3× 10−12 1.4× 103 4.9× 103 (3.5 tff,c)
N38 3× 108 270 0.047 9.6× 10−4 4.0× 10−12 8.0× 102 3.1× 103 (3.9 tff,c)
N09 109 150 0.026 1.7× 10−3 7.4× 10−12 4.4× 102 2.1× 103 (4.9 tff,c)
N39 3× 109 87 0.015 3.0× 10−3 1.3× 10−11 2.5× 102 —
Table 2: Results
Model Mps [M⊙] Mdisk [M⊙] Mout [M⊙] Menv [M⊙] ǫps (ǫdisk) ǫout Mdisk/Mps Menv/Mcl
N35 0.58 0.13 0.73 0.04 0.39 (0.47) 0.49 0.22 0.03
N06 0.23 0.16 0.37 0.06 0.29 (0.49) 0.46 0.70 0.07
N36 0.12 0.14 0.18 0.05 0.26 (0.54) 0.38 1.17 0.09
N07 0.068 0.09 0.082 0.026 0.26 (0.60) 0.32 1.32 0.10
N37 0.043 0.052 0.047 0.007 0.29 (0.63) 0.31 1.21 0.05
N08 0.028 0.027 0.024 0.004 0.35 (0.68) 0.30 0.96 0.04
N38 0.020 0.019 0.007 0.0013 0.43 (0.82) 0.15 0.95 0.03
N09 0.014 0.01 0.002 0.0006 0.54 (0.92) 0.08 0.71 0.02
N39 — — — — — — — —
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Fig. 1.— Time sequence images from the initial state until the end of the main accretion
phase for model N08. In each panel, the density (color and red contours) and velocity
(arrows) distribution on the y = 0 plane are plotted with the initial cloud scale. The
white dashed circle represents initial cloud radius (i.e., the host cloud). The blue line is
the boundary of the outflow inside which the gas moves outwardly toward the center of the
cloud (or the protostar) with a supersonic velocity. The elapsed time t in unit of the freefall
timescale (tff,c) and year is plotted on the upper side of each panel. The white squares in
each panel denote the outer boundary of the subgrid.
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Fig. 2.— The magnetic field lines (yellow lines), outflow shape (orange iso-velocity surface)
and high-density gas region (central red iso-volume) are plotted in three-dimensions. The
orange surface is the isovelocity surface of vr = cs inside which the gas is outflowing from
the center of the cloud with the supersonic velocity vr > cs. The blue sphere corresponds to
the initial host cloud. The elapsed time t in unit of the freefall timescale (tff,c) and year is
plotted on the upper side of each panel.
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Fig. 3.— Density (color) and velocity (arrows) distributions on the y = 0 plane at t =
9.39 tff,c for model N06 with different spatial scales. The white dashed circle represents
initial cloud radius (i.e., BE radius). The red contours denote the outflow inside which the
gas moves outwardly toward the center of the cloud with a supersonic velocity (thick line)
and half of the supersonic velocity (thin line).
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Fig. 4.— Density (color) and velocity (arrows) distributions on the y = 0 (left) and z = 0
(right) planes at the same epoch as in Fig. 3. The red contour denotes the outflow inside
which the gas moves outwardly toward the center of the cloud with a supersonic velocity.
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Fig. 5.— The mass accretion rate (left axis; diamond symbol) and protostellar mass (right
axis; thick line) are plotted against the time t˜ (=t − t0, where t0 is time at the protostar
formation) after the protostar formation for each model. The vertical lines in each panel
corresponds to the freefall timescale of the host cloud at the center (tff,c, solid line) and cloud
boundary (tff,b, broken line). The initial host cloud mass is plotted by the cross (×) on the
right axis.
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Fig. 6.— The mass of protostar, circumstellar disk, outflow and infalling envelope is plotted
against the time t˜ (= t− t0) after the protostar formation for each model. The vertical lines
in each panel corresponds to the freefall timescale of the host cloud at the center (tff,c, solid
line) and cloud boundary (tff,b, broken line).
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Fig. 7.— Density (color) and velocity (arrows) distributions on the equatorial plane for
models N35, N06, N08 and N09. The elapsed time t in unit of tff,c and year is plotted on the
upper side of each panel.
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Fig. 8.— Density (color) and velocity (arrows) distributions on y = 0 plane for models N35,
N06, N08 and N09. The elapsed time t in unit of tff,c and year is plotted on the upper side
of each panel. The white dashed circle represents initial cloud radius (i.e., BE radius). The
white solid line is the boundary of the outflow inside which the gas moves outwardly toward
the center of the cloud (or the protostar) with a supersonic velocity. The white squares in
each panel denote the outer boundary of the subgrid.
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Fig. 9.— The inflowing and outflowing mass ratio of l = lmax − 1 and lmax − 3 grid against
the time for model N35, N36, N37 and N38. The vertical lines are the freefall timescale of
the host cloud at the center (tff,c, solid line), cloud boundary (tff,b, broken line), and 10 times
the freefall timescale of the host cloud at the center (10tff,c, dotted line).
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Fig. 10.— The evolution of the outflow length (upper panels) and width (lower panels) in
unit of AU for all models against the elapsed time normalized by the freefall timescale tff,c.
The outflow length and width in the right panels are normalized by the initial cloud scale
Rc.
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Fig. 11.— The evolution of the outflow collimation for models N35, N36, N07, N08 and
N09 against the elapsed time normalized by the freefall timescale of the initial cloud at the
center.
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Fig. 12.— The momentum (upper panel) and momentum flux (lower panel) of the proto-
stellar outflow for all models against the elapsed time after the outflow appears.
– 42 –
0.001
0.01
0.1
1
M
as
s 
[M
su
n
]
Protostellar Mass, Mps
Outflow Mass, Mout
Circumstellar Disk Mass, Mdisk
0.1 1.0
0.1
1.0
Mout/Mps
Mout/Mcl
Mdisk/Mps
Mcl [Msun]   (Host Cloud Mass)
M
as
s 
R
a
tio
Fig. 13.— Upper panel: the masses of the protostar (black line), outflow (red line) and cir-
cumstellar disk (blue line) against the initial cloud mass. Lower panel: the mass ratio of the
outflow to protostar (Mout/Mps; black line), the circumstellar disk to protostar (Mdisk/Mps,
blue line), and the outflow to initial cloud (Mout/Mcl, red line) against the initial cloud mass.
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Fig. 14.— The star formation efficiency against the initial cloud mass. The square symbol
is the mass ratio of the protostar plus circumstellar disk to the initial cloud. The diamond
symbol is the mass ratio of the protostar to the initial cloud. The star formation efficiency
in a shadowed area is expected to be realized.
